Whereas genetic factors contribute crucially to brain function, early-life events, including stress, exert long-lasting influence on neuronal function. Here, we focus on the hippocampus as the target of these early-life events because of its crucial role in learning and memory. Using a novel immaturerodent model, we describe the deleterious consequences of chronic early-life 'psychological' stress on hippocampus-dependent cognitive tasks. We review the cellular mechanisms involved and discuss the roles of stress-mediating molecules, including corticotropin releasing hormone, in the process by which stress impacts the structure and function of hippocampal neurons.
example, facilitation of memory consolidation [102, 117] . From amygdala outflow nuclei [112] , selected stress signals project to the hippocampus (via mono-and poly-synaptic projections), evoking IEG expression [55] and enhancing synaptic efficacy [146, 20] .
Acute versus chronic stress differ in their effects on hippocampal function
In addition to categorizing stress as physiological or psychological, the duration of the activation of stress responses is important for the consequences of a stressor. Thus, acute stress followed by a rapid 'shut-off' of the stress response may influence the hippocampus quite differently than exposure to chronic stress, as discussed below [21, 69, 101] .
Recognized effects of stress on hippocampal integrity and function: adult studies
The role of stress in influencing the structure and function of hippocampal neurons has been the focus of a significant body of research [100,44,28,51, 7 , 88 , 78 ,20,70,150,31] . Acute stress can promote hippocampus-mediated cognitive function and synaptic transmission [100,149, 78,71,21,68,81 but see 151] . The short-term effects of this facilitation may be mediated by glucocorticoids [44, 81] . Additionally, local release of CRH from hippocampal neurons during acute stress [37] may prime long-term potentiation [20] . The effects of acute stress on hippocampal neuronal function differ strikingly from those discovered after chronic or repeated stress.
Chronic stress may contribute to deficits in hippocampus-dependent learning and memory [92, 135] including those found during senescence [76, 100, 153] . In addition, chronic stress in adults negatively affects long-term potentiation (LTP) in hippocampal subfields [109, 3] , including the commissural-associational projections in field CA3 [109] . The structural foundation of these functional deficits may derive from the actions of chronic stress in adults on dendritic trees. For example, atrophy or remodeling of apical dendrites in CA3 has been demonstrated [94, 144] and confirmed in other species, such as tree shrews [79] and non-human primates [126] .
The mechanisms for stress-induced structural remodeling, and functional deficits in CA3 are not fully understood. However, the glucocorticoid stress hormones as well as glutamatemediated excitotoxicity have been shown to contribute to these effects [71, 95] . More recently, other molecules and signaling cascades have been found to contribute to the dendritic remodeling evoked by stress, including tissue plasminogen activator [110] .
Whereas the effects of stress on hippocampal structure and function in adults may be profound, they are generally reversible [92, 57, 114] . The reasons are unclear, but may stem from the fact that the adult brain has been fully 'programmed,' as far as gene expression levels or 'set-points' are concerned. Therefore, stress may perturb gene expression transiently, perhaps via epigenetic effects [97, 143] , but the withdrawal of the inciting stimulus leads to re-instatement of the original, fully programmed 'steady state.' In addition, whereas neuronal loss has been suspected to occur upon chronic stress in the adult [125, 90] , most current evidence supports the notion that the structural effects of chronic stress on hippocampal neurons involve dendritic modifications, without cell loss or profound dendritotoxicity. Thus, upon withdrawal of the molecular processes initiated by stress, recovery of both function and structure occurs in mature hippocampus [109, 56, 114] . Taken together, these findings support the notion that, in the fullymature hippocampal formation, both the salubrious and the deleterious effects of stress may be transient.
Enduring effects of early-life stress on developing hippocampus
In the rodent, maturation and full differentiation of the hippocampal formation take place during early postnatal life [for review see 7,77] . For example, during the first postnatal weeks, neuronal birth, differentiation and migration are ongoing [4, 53, 16] . Neurogenesis of granule cells peaks during the second week of life in rodents [15] and during the third month in humans [129] . In addition, synaptogenesis and the establishment of enduring connectivity patterns continue for years in the human, and for weeks in the rodent [7] . Therefore, it is theoretically possible that processes triggered by a potent stimulus such as stress may interrupt or corrupt the functional and structural maturation of the hippocampal network in an irreversible manner [147, 82, 31] . This review describes evidence for this process, and discusses established and emerging underlying mechanisms.
The importance of stress experienced early in life is a result of its significant, long-lasting effects on hippocampal structure and function. The effects of psychological stress early in life may be considered a 'double-edged sword,' in that the nature and magnitude of the stressor determines whether its long-term consequences will enhance or impair hippocampal function [27] . Mild stress early in life results in beneficial long-term consequences: Hippocampusmediated memory function is facilitated in adult rodents and non-human primates reared with enhanced maternal care [89, 121, 49] or in enriched environments [75, 149] .
In contrast, chronic or severe stress early in life can have long-term adverse effects on hippocampal integrity and performance in humans (reviewed in [120, 147] ) and experimental animals [120, 31] . These effects may manifest in impaired, or progressively deteriorating cognitive performance [98, 18] . In addition, they may be evident already during early adult life [66] , or emerge later in life [6, 74, 83, 31] . These enduring and potentially progressive effects of chronic early-life stress on hippocampal function may thus contribute substantially to the burden of human cognitive dysfunction. Therefore, it is important to uncover the mechanisms involved, as a first step for potential intervention. For obvious reasons, these mechanistic studies cannot be undertaken in humans and require suitable animal models.
Animal models for chronic, psychological stress early in life 7.1. The timing of suitable chronic stress models
The critical period of vulnerability to early-life experience, including stress, in humans is difficult to determine, and likely includes both late gestation and early infancy [124, 7] . In the rat, the critical developmental period for stress-related hippocampal plasticity is better understood. To modulate hippocampal learning and memory functions and gene expression permanently, stimuli that modulate the hypothalamic-pituitary-adrenal axis must commence early during the 1st week of life. This has been established, for example, for the handling paradigm that leads to permanent alteration of hippocampal GR expression if conducted during postnatal day (P)2-P21, or even P1-P5 [63] , but not starting on P8 [103] . Avishai-Eliner et al. [8] studied the time-course of the molecular consequences of early-life handling. They found that persistently altered gene expression in hippocampus, as well as enduring alterations of the hormonal stress responses occurred if the procedure started on P2 and ended by P9. Indeed, altered gene expression was found in the hypothalamus already by P9. However, hippocampal gene expression changes emerged between P23 and P45. Thus, available data support the notions that (1) the critical period for stress-evoked hippocampal plasticity encompasses roughly the first 10 postnatal days. (2) Importantly, full manifestation of stress-induced hippocampal changes occurs later, and may be reversible during the 2nd and 3rd postnatal week [49] . Thus, recent studies demonstrate that the long-term deleterious hippocampal effects of sub-optimal neonatal experience can be prevented by later intervention, including environmental enrichment [23] or pharmacological treatment [49] .
Hippocampal developmental stages in rodents and humans
Direct comparison of 'hippocampal age' between human and rat is difficult. Whereas a composite of neuro-anatomical data suggest that the hippocampus of a P5-P7 rat might be generally comparable to that of a fullterm human neonate [7] , patterns of expression of several genes involved in the stress signal cascade suggest that perhaps for some stress-related functions, rat hippocampus might be more mature than is suggested by anatomical evidence. For example, CRF 1 receptor expression in hippocampus peaks on P6 [12] and glucocorticoid receptors are robustly expressed already prenatally [118, 154] . In addition, the diverse mechanisms of stress-evoked hippocampal plasticity probably involve multiple afferent, efferent and intrinsic systems that mature differentially in rat and human, further complicating direct comparisons. In summary, chronic stress during a critical developmental period (around P2-P9 in rat) may set in motion long-lasting hippocampal changes. These may not manifest until later, and seem to be preventable by interventions during the 2nd-3rd postnatal weeks [23, 49] .
Animal models of 'psychological' stress early in life that approximate the human condition
Several useful and informative models of early-life stress have been previously developed. Many of these models rely on the critical role of maternal influence on the activation of the molecular stress-mediators in the immature rat. For example, short daily periods (15 min) of separation from the mother have been used to model mild stress and may have positive effects on hippocampal function. These positive effects are likely mediated by the nurturing input from the mother upon return of the pups to the cage [89, 8, 48, 49] . In contrast, repeated prolonged (3 h) separation from the mother [113] or a single 24 h separation [46] have been considered models of more severe acute/subacute stress.
However, absence of the mother influences critical physiological parameters such as nutrition (and thus cannot be used chronically), and eliminates maternal contact and grooming [46] . Importantly, maternal separation fails to reproduce the chronic early-life psychological stress that is found in humans and typically results from abnormal interactions with a present mother. This led to the creation of the chronic, early-life stress model described here [52, 9] . In this paradigm, pups are reared in cages with limited bedding material for one week, encompassing the critical developmental period (P2-P9) when stress influences hippocampal developmental programs [8, 7] . The reduced nesting material (one paper towel, Fig. 2A ) limits the dam's ability to create a satisfactory nest. As a result, maternal care becomes erratic and unpredictable, which contributes to emergence of physiological and molecular states of chronic stress in the pups [52, 9] . At the end of this week of chronic stress, on P9, pups have enlarged adrenal glands, increased basal corticosterone levels, and a modest loss of body weight [9, 31] (Fig. 2B ). After this week-long stress, pups and dams are returned to 'normal' cages, weaned on P21, and allowed to mature. By the time they reach adulthood, all of the physiological parameters indicative of stress dissipate, such that adrenal weight and basal plasma corticosterone are similar to those of 'normally' reared controls (Fig. 2B ). In summary, this model of limited nesting material creates a condition of chronic, but transient, early-life stress, which disappears, and thus permits investigating the potential consequences of neonatal stress on adult hippocampal structure and function.
Consequences of chronic early-life emotional stress on hippocampal function and structure 8.1. Impaired hippocampus-dependent learning and memory
Several groups have probed the consequences of early-life stress on hippocampal function. For example, Huot et al., tested 4-month old rats that had been subjected to recurrent maternal separation, and found modest reduction in performance in the Morris watermaze [66] . Using the chronic, early-life psychological stress described above, Brunson et al. [31] , found remarkable deficits of hippocampal function that emerged during middle age. The authors tested rats at 4 months and at middle age (12 months), using behavioral tasks generally considered to require an intact hippocampus [41, 28, 25] . When tested at 12 months, severe spatial memory impairments were apparent in the early-life stressed group in the Morris watermaze task [31] (Fig. 3A) . In essence, these rats failed to reduce the time they required to locate a hidden platform based on spatial cues, suggesting significant deficits in learning and memory function. The variant of the watermaze used by the group was designed to reduce the stressful elements of this test [105] . However, the impairment demonstrated by the early-stress group may have been a result of different capabilities for 'coping' with the adverse elements (requiring rats to swim in room-temperature water) of this test. To exclude such potential sensitivity to stress, Brunson and colleagues [31] employed a second test that is generally devoid of stressful elements, namely the object recognition procedure [104, 41, 28] . The object recognition test was carried out over 2 days, after a habituation procedure. During the 1st day, two objects were placed in random locations in a cage, leading to exploration of these objects by the rat. The test trial took place 24 h later and consisted of a 5min epoch in which animals were presented with a duplicate of an object from the previous day and a novel object. On both days, the duration of exploration of each object was recorded [42, 28] . In this test, middle-aged rats stressed early in life failed to distinguish a novel object from one they had seen the previous day, while age-matched controls spent about twice as long exploring the novel test object [31] (Fig. 3B) . These data indicate that hippocampal cognitive function is impaired in middleaged rats stressed early in life.
Disruption of LTP induction accompanies the profound memory deficits after early-life stress
Electrophysiological studies were carried out by the same group, to uncover the cellular basis of the profound reduction of learning and memory functions in middle-aged rats that experienced a single week of chronic stress early in life [31] . Specifically, LTP was evaluated because this form of synaptic plasticity has been implicated in memory formation [116, 22, 96, 132] . Indeed, LTP was impaired in both CA3 and CA1 hippocampal areas of 12-month old rats stressed early in life [31] . In area CA3, the hippocampal field considered most vulnerable to chronic stress in adults [125, 100] , both LTP as well as basic synaptic physiology were abnormal [31] . Interestingly, abnormal LTP, although normal synaptic physiology, was found in area CA1 [31] .
Structural foundation of the disrupted synaptic function and plasticity after early-life stress
What could be the basis for disrupting synaptic physiology, most profoundly in area CA3, in rats stressed early in life? In considering the developmental aspects of hippocampal circuitry, it is notable that the connectivity of area CA3 is still evolving during the first 2 weeks of life, the time-frame of the early-life stress paradigm employed by Brunson et al., [31] . For example, axons of the granule cells, the mossy fiber system are generated throughout the period during which psychological stress was induced (during P2-P9) [5, 59] , whereas most other axonal systems in the hippocampus are established earlier (ibid). Because of its delayed development, this system may be particularly affected by early-life stress. The mossy fibers innervate the CA3 pyramidal cells via a powerful excitatory array of synapses [59] ; they also innervate interneurons as described in [1] . Therefore, altered maturation of the mossy fibers and their giant synapses on CA3 pyramidal cells may affect the integrity and synaptic physiology of the latter.
In accord with this notion, repeated episodes of maternal separation-stress (3 h each) reduced the density of mossy fibers in 4-month old rats [66] . Brunson and colleagues [31] also described that the projections of mossy fibers in early-stressed, middle-aged rats were abnormal (Fig.  3C ). However, in these animals this granule cell axon system was expanded and extended further into the CA3 stratum oriens to contact basal dendrites of CA3 pyramidal cells. The series of events that result from these (presumably early) effects of stress on mossy fiber growth and on the connectivity within area CA3 have not been defined at this point. Improved understanding of how early-life stress influences these processes should lead to deciphering the cascade of events that culminates in highly abnormal CA3 physiology that eventually influences long-term potentiation also in CA1.
Molecules and mechanisms that may mediate the effects of chronic earlylife stress on the developing hippocampus

Glucocorticoid stress hormones
Logical mechanisms that may interfere with the developmental connectivity programs within CA3 during the early-postnatal stress period include molecules that may be active in the immature, stressed hippocampus [120, 10] . Major candidates include systemic glucocorticoids (GC). GC are released from the adrenal glands by stress, cross the blood-brain barrier readily, and activate hippocampal GC receptors (GRs) [99, 44] . Indeed, saturation of GRs by 'stresslevels' of GC can lead to hippocampal neuronal injury [125, 140] but these receptors reside primarily in rodent CA1 [115,62, but see primate data in 122], whereas stress-induced structural changes involve mainly CA3 [125, 99, 100] . In addition, GC administration early in life does not reproduce the effects of stress on hippocampal function and integrity when given in a nonstressful manner [87] , suggesting that other factors may also contribute to the mechanisms by which early-life stress influences hippocampal development and function throughout life.
Corticotropin releasing hormone
An additional potential mediator of the effects of early-life stress on hippocampal neurons, particularly in CA3, is the neuropeptide CRH. This peptide is involved in propagation and integration of 'psychological' stress responses in several brain regions, including amygdala and hippocampus [80, 84] , a role consistent with the finding that administration of the synthetic peptide via the lateral ventricles reproduces the spectrum of behavioral and neuroendocrine responses to stress [80] . The notion that hippocampal CRH in immature rat may participate in the mechanisms by which early-life stress influences learning and memory long-term is supported by several lines of evidence. These include (i) the age-specific abundance of CRHexpressing neurons in the developing hippocampus and a parallel age-specific developmental pattern of the CRH receptors; (ii) the release of hippocampal CRH by stress; (iii) the chronic upregulation of hippocampal CRH expression by early-life stress, and (iv) the excitotoxic actions of this peptide on hippocampal dendrites and neurons (see Section 10).
Interactions among glucocorticoid-and CRH-mediated mechanisms
Although the previous paragraphs discussed actions of stress-released glucocorticoid hormones and CRH as discreet entities, it is quite likely that the steroid and peptide hormones converge on the same cells, and contribute in an additive or synergistic manner to the consequences of early-life stress. In addition, stress-evoked activation of the CRH receptors may influence GC or GR levels and vice versa. For example, both early-life glucocorticoid administration [73] as well as CRH administration [31] may result in hippocampal-dependent learning and memory dysfunction later in life.
Interactions among GC-and CRH-mediated mechanisms are supported by the fact that icv administration of CRH to P10 rats reduces GR levels in hippocampal CA1 acutely (at 4 h, Brunson et al., unpublished) . These CRH-induced changes to GR expression in hippocampus do not persist to adulthood (Fig. 4) . Whereas there is much information about the long-term effects of early-life glucocorticoids on levels of its two receptors in the hippocampus, GR [47, 107, 148] and mineralocorticoid receptor (MR; 148, 130) , little is known about the effects of these hormones on either hippocampal CRH or the CRH receptor, CRF 1 . In adult rats, administration of the synthetic glucocorticoid hormone, dexamethasone, does not influence CRH levels in the hippocampus [32] .
CRH-containing neurons and CRH receptors are abundant in developing hippocampus
Early work in adult hippocampus described relatively few CRH-containing interneurons [137, 119] . However, in developing hippocampus, neurochemical, and quantitative stereological methods were used to characterize in detail CRH-expressing neuronal populations throughout postnatal development [152, 36] . These experiments revealed progressively increasing numbers of CRH-expressing GABAergic interneurons within the pyramidal cell layer that peaked on P11-P18, then declined to adult levels. For example, in CA3, the number of CRH-expressing neurons was approximately 4000 on P18 and declined to approximately 2700 by P60. These CRH-expressing interneurons are primarily basket cells that synapse on somata of hippocampal pyramidal neurons that express the CRH-receptor, CRF 1 [38] . This positions the CRH-expressing neurons to significantly influence pyramidal cell activity and hippocampal information flow. The majority of CA3 pyramidal cells express CRF 1 , the principal receptor responsible for mediating synaptic actions of CRH on these hippocampal cells [33, 11, 29] , and this expression is highest during early postnatal life [12] . The developmental profiles of CRH and CRF 1 expression in hippocampus are consistent with a key role for the peptide in mediating the effects of early-life stress on hippocampal neurons.
Stress induces release of CRH into the hippocampal intercellular space, and increases the set-point of CRH expression, so that subsequent stress causes a higher CRH secretion
Psychological stress induces the release of endogenous hippocampal CRH [37] , as is also found in the amygdala [117] . CRH released by stress leads to the activation, measured by immediate early gene expression, of CA3 pyramidal cells. This requires binding of the peptide to CRF 1 , because expression and phosphorylation of transcription factors after restraint stress was abolished by selective CRF 1 receptor antagonists [37] . These data implicate endogenous CRH in the mechanisms by which stress influences hippocampal pyramidal neurons.
Interestingly, psychological stress increases the expression levels of hippocampal CRH. This has been found in both adult [133] and immature [55] rat hippocampal interneurons, and may be a result of 'release-coupled synthesis' [34] . A similar mechanism has been described in immature hypothalamus and amygdala [154, 56] . Remarkably, Brunson and colleagues found that early-life chronic stress leads to enduring, life-long elevation of CRH expression within the hippocampal CA3 area ( Fig. 5; Brunson et al., unpublished) .
CRH impacts the function and structure of hippocampal neurons
Transient release of hippocampal CRH, such as that occurring after mild, acute stress enhances LTP and improves hippocampal-mediated memory consolidation [85, 84, 20] . In addition, electrophysiological data indicate that synthetic CRH acts as an excitatory neuropeptide that reduces after-hyperpolarization [2] , and interacts with glutamatergic neurotransmission to promote excitability in vitro [64] .
Whereas low ('physiological') levels of CRH enhance synaptic communication and efficacy, 'pathologic' CRH levels may have harmful effects on hippocampal function and structure [35] . Administration of high picomolar doses of CRH into the cerebral ventricles of immature rats may lead to seizures that involve the amygdala and hippocampus [12] , and these may be followed by injury to CA3 pyramidal neurons [13] . CRH may contribute to neuronal excitotoxicity under several pathological conditions [136, 93] . Notably, learning and memory deficits have been found in CRH-overexpressing mice [58] . These data support the notion that early-life 'pathologic' release of CRH may contribute to the impaired functional integrity of the hippocampus following early-life chronic psychological stress.
Early-life administration of CRH reproduces the long-term cognitive hippocampal deficits found after chronic early-life stress
An interesting observation, supporting a causal role for CRH in the mechanisms by which early-life stress impacts hippocampal learning and memory function, was made by Brunson et al. [28] . These authors essentially reproduced the effects of early-life stress on the cognitive function of middle-aged rats, i.e., deficits in spatial memory acquisition skills in the Morris watermaze test and memory retrieval in the relatively stress-free object-recognition test, by administering CRH into the brain of immature rats [28] (Figs. 6A and B ). When administered icv ('centrally'), CRH reaches the hippocampus [19] where it influences neurons directly [64, 20] . Similar to the effects of early-life stress, these CRH-evoked deficits emerged later in adulthood, and were progressive. In addition, these progressive hippocampal functional deficits were accompanied by similar structural changes to those after early-life stress, i.e., excessive growth of mossy fibers (Fig. 6C ). As mentioned above, the synapses formed by the aberrant mossy fibers on CA3 pyramidal cells are excitatory (glutamatergic), potentially promoting progressive excitotoxic injury to these cells. It should be mentioned that the long-term hippocampal deficits described above occurred also in CRH-treated animals that were never able to generate stress levels of plasma GC. These rats were adrenalectomized prior to CRH administration and provided with hormonal supplements to generate low physiological GC levels. This observation suggests that 'stress-levels' of these hormones were not required for CRH to exert its adverse effects on the hippocampal formation [28] .
Concluding remarks
The effects of chronic stress on hippocampal function may be reversible if experienced during adulthood. In contrast, early-life chronic stress carries enormous significance for hippocampal function and integrity throughout life. The mechanisms underlying these effects are complex and, in light of recent studies discussed in this review, likely involve the stress-activated peptide, CRH. CRH is abundant in immature hippocampus, where its 'physiological' release enhances synaptic function. Large doses of synthetic CRH (as presumed to be released during chronic stress) administered early in life lead to progressive hippocampal dysfunction that reproduces deficits resulting from early-life stress. The longevity of the consequences of earlylife stress may be explained, in part, by the enduring elevated expression and levels of hippocampal CRH in early-stressed animals.
Finally, the consequences of early-life stress carry major implications for human health: chronic emotional stress affects a large proportion of infants and children around the world, that experience poverty, parental loss, war, famine or child abuse and neglect. Therefore, discovering the mechanisms by which stress elicits adverse effects on the developing hippocampus should lead to truly exciting approaches to prevention of cognitive deficits related to these early-life events.
Fig. 1.
A simplified diagram of the circuits involved in 'physiological' and 'psychological' stress responses. Physiological stress signals activate the neuroendocrine hypothalamic-pituitaryadrenal axis (outlined by the rectangular box). Physiological stress signals converge on the hypothalamic paraventricular nucleus (PVN) causing the release of corticotropin-releasing hormone (CRH) into the hypothalamo-pituitary portal system. CRH elicits secretion of adrenocorticotropic hormone (ACTH) from the pituitary and ACTH induces the release of glucocorticoids (GC) from the adrenal gland. GCs cross the blood-brain barrier and interact with type-2 corticoid receptors (GR) in the hippocampus, PVN and pituitary to 'shut-off' the neuroendocrine response to stress (indicated by the blunt-ended lines). In contrast, activation of GR in the central nucleus of the amygdala increases CRH expression in this region [30, 113] and is generally considered to facilitate stress responses. Psychological stress engages The design and consequences of a chronic, 'psychological' early-life stress paradigm. (A) Photograph of a cage at the moment of onset of the stress paradigm (postnatal day 2). A single paper towel is provided to the dam for creating a 'nest'. The dam will rapidly shred it for this purpose. (B) Parameters indicative of stress immediately after the early-life stress period (postnatal day 9; left column) and in adult male rats (12 months of age; right column). Elevated basal corticosterone levels, higher adrenal gland weights, and modestly lower body weight are found in chronically stressed 9-day old rats. These changes are no longer apparent in adult rats. Black bar, control group; white bar, early-life stress group. *P< 0.05. (Modified from 31 with permission.) Functional and structural consequences of early-life psychological stress between P2 and P9 on the hippocampus of adult male rats. (A) Escape latencies (time to reach the hidden platform) on the testing day (day 3) are shown after 2 training days. Early-life stressed rats (white squares) require significantly longer time to locate the hidden platform in the Morris watermaze test when compared to age-matched controls (black circles; paired t test, P < 0.05). T test analyses of each trial demonstrate significantly different escape latencies at specific trials (marked by *). (B) Using the object recognition paradigm, control rats are able to discriminate between familiar and novel objects (remembering the familiar object from the day before and exploring it for significantly shorter time). In contrast, early-life stress rats spend the same amount of Administration of CRH early in life does not significantly influence GR-mRNA expression in hippocampal CA1 long-term. Adult male rats that were treated with CRH early in life express similar levels of hippocampal GR mRNA when compared to vehicle-treated controls. Note that a trend towards increased GR mRNA levels is found in vehicle-treated versus naive controls. Ctl, adult group, not infused at all on P10; Veh, adult rats infused with vehicle (water) on P10; CRH, adult rats treated with CRH early in life (see [28] for infusion procedures and details). Elevated CRH mRNA expression in adult (12-month old) rats that had experienced early-life stress. (A) Photomicrographs of coronal brain sections from control and early-life stress animals after in situ hybridization for CRH mRNA. (B) Relative optical density (ROD) of the CRH signal was analyzed in hippocampal subfields. CRH mRNA expression is significantly enhanced in hippocampal subfield CA3a of early-life stressed animals when compared to that of controls (arrow). DG, dentate gyrus. *P< 0.05. Administration of synthetic CRH into the brain recapitulates the structural and functional effects of early-life stress. (A) Adult rats that were treated with CRH early in life suffer from hippocampus-dependent memory dysfunction in the Morris watermaze. CRH-treated rats (white squares) take significantly longer to locate the hidden platform in the watermaze when compared to controls (black circles) [F(2,132) = 5.53, P< 0.01]. (B) Impaired memory is further evident by the performance of CRH-treated rats on the non-aversive, relatively stress-free object recognition test. Here, CRH-treated rats fail to distinguish the familiar object from the novel object, indicating impairment of recognition memory. (C) Sections of CA3A pyramidal cell regions from control and CRH-treated adult (12-month old), subjected to Timm's stain for visualizing zinc-rich mossy fiber terminals. In CRH-treated rats, these terminals are abnormally abundant within the CA3 stratum oriens (so; arrows). sl, stratum lucidum. Scale bar = 50 µm. *P < 0.05. (Modified from [28] with permission.)
